Background: Data on the association of memory performance with cerebrospinal fluid (CSF) biomarkers of Alzheimer's disease (AD) are inconsistent. The Consortium to Establish a Registry for Alzheimer's Disease neuropsychological battery (CERAD-NB) is a commonly used validated cognitive tool; however, only few studies have examined its relationship with CSF biomarkers for AD. We studied the correlation of pathological changes in CSF biomarkers with various CERAD-NB subtests and total scores. Methods: Out of 79 subjects (36 men, mean age 70.5 years), 63 had undergone an assessment of cognitive status with CERAD-NB and a CSF biomarker analysis due to a suspected memory disorder, and 16 were controls with no memory complaint . Results: In women we found a significant correlation between CSF amyloidbeta (Aβ 1-42 ) and several subtests measuring delayed recall. Word List Recall correlated with all markers: Aβ 1-42 (r = 0.323, p = 0.035), tau (r = -0.304, p = 0.050) and hyperphosphorylated tau (r = -0.331, p = 0.046). No such correlations were found in men. Conclusions: CSF biomarkers correlate with delayed memory scores in CERAD-NB in women, and women may have more actual AD pathology at the time of the investigations than men.
Introduction
Memory diseases are common [1] , and Alzheimer's disease (AD) is the leading cause of dementia, accounting for 50-56% of all cases [2] . The final diagnosis of AD is achieved by a brain biopsy [3] . Currently, clinical diagnosis is based on a comprehensive clinical evaluation, which includes detecting typical symptoms such as impairment in cognition (typically episodic memory), poor judgment, brain imaging and pathological laboratory findings for AD [4] . An earlier and more specific diagnosis of AD is warranted for the further development of disease-modifying drugs that are considered most effective at the preclinical or prodromal stages of the disease [3, 5] .
The pathologic process of AD has been proposed to begin decades prior to the appearance of the clinical symptoms [6] [7] [8] . It has been found that the concentration of cerebrospinal fluid (CSF) beta-amyloid consisting of 42 amino acids (Aβ ) has decreased, and the concentrations of tau and phosphorylated tau (p-tau) have increased in patients diagnosed with AD [9] , thus correlating with the amyloid and neurofibrillary tangle load of the brain [10] . All biomarkers mentioned have been found to deviate from normal already early in the course of the disease [11] ; together, they have a high diagnostic accuracy: a 95% sensitivity and an 83% specificity [3] . Hence, they have been introduced for the clinical diagnosis of AD [8] .
The Consortium to Establish a Registry for Alzheimer's Disease neuropsychological battery (CERAD-NB) is a widely used cognitive battery to measure typical cognitive deficits in AD [12] . The battery consists of five subtests: Verbal Fluency; Boston Naming Test; MiniMental State Examination; Word List Learning, Recall and Recognition and Constructional Praxis and its Recall [12, 13] . Usually, cut-off values for these subtests are used for the interpretation. However, studies by Paajanen et al. [12] and Seo et al. [13] , among others, have proved that CERAD Total Scores achieved by summing scores from the subtests are also useful in the assessment. Since the impairment of episodic memory is typically the first clinical outcome in AD, a compound score measuring delayed memory, the Memory Total Score, was created by Paajanen et al. [12] . The Memory Total Score and Word List Delayed Recall have been found to differentiate especially well between controls and Mild Cognitive Impairment (MCI) or prodromal AD [12] .
Only a few studies have evaluated the relationship between memory and CSF biomarkers. In most of these studies, merely Word List Immediate Recall (learning) and delayed recall trials from the CERAD-NB have been used [14] [15] [16] . It has been suggested that there is no association between CSF markers and cognitive tests in AD patients [15] [16] [17] , whereas patients with subjective memory complaint or MCI show a significant association between markers and memory tests measuring delayed recall. Wagner et al. [15] and Rami et al. [16] reported that tau protein is more closely associated with cognition than Aβ 1-42 , which appears to support the theory that CSF Aβ 1-42 declines already at the preclinical stage of AD, before the increase in CSF tau concentration [8, 18] . Accordingly, by the time the clinical symptoms of AD appear, Aβ 1-42 would have reached a plateau and thus would not correlate with memory performance anymore [15, 16, 19] . However, some studies have found no correlation between CSF tau and any cognitive tests, whereas Aβ 1-42 has been suggested to correlate with delayed memory tasks also in MCI [14] .
The aim of this study was to investigate the correlation of pathological changes in the CSF biomarkers with various CERAD-NB subtests, the CERAD Total Score and the Memory Total Score.
Materials and Methods

Subjects
A total of 79 subjects participated in the present clinical follow-up study at the Neurology Outpatient Clinic of the University of Eastern Finland (UEF) and Kuopio University Hospital (KUH). All subjects who both agreed to participate in this study and underwent an assessment of cognitive status with CERAD-NB and CSF biomarker analysis between June 2008 and May 2013 were included in the study. One subject was excluded owing to missing CERAD-NB values due to poor cooperation. The final sample consisted of 79 subjects (36 men) with a mean age of 70.5 years (range 51-84) ( table 1 ). Sixty-three subjects had undergone investigations due to a suspected memory disorder, and 16 were controls with no memory complaint . Out of the subjects with suspected memory disorder, a total of 25 subjects were diagnosed with AD, 19 with MCI, 12 with frontotemporal dementia and 7 with another memory problem, such as a memory deficit due to depression. Sixteen subjects with no memory complaint were recruited from the Department of Anesthesia and Operative Service. They were patients who were operated under spinal anesthesia and from whom CSF samples were obtained through a catheter in the beginning of the operation. The CERAD-NB was performed on a separate visit. Standard criteria were used to diagnose AD [20] , MCI [21] and frontotemporal dementia [22] .
Measurements
The CSF Aβ 1-42 , total-tau and p-tau concentrations were measured using a commercial ELISA (Innogenetics, Ghent, Belgium) according to the manufacturer's protocol. Samples were measured in duplicates, and the results were analyzed blinded to diagnosis.
CERAD
The cognition of all subjects was assessed with CERAD-NB by a nurse or a bachelor of medicine trained for CERAD testing or a neuropsychologist specialized in neurodegenerative 61 (32) 49 (30) 60 (29) 85 (25) 0.002** Constructional Praxis Recall, n (%)
64 (33) 45 (28) 66 (30) 85 (29) 0.029* CERAD Total Score a (0 -111)
66 (16) 59 (12) 67 (16) 78 (15) Data are numbers of cases or means (SD), unless otherwise indicated. p values are given for the differences between AD, MCI and control groups. n.s. = Not significant; MMSE = Mini-Mental State Examination. a According to Seo et al. [13] .
b According to Paajanen et al. [12] . disorders. Two compound scores, the Memory Total Score and the CERAD Total Score, were calculated. The Memory Total Score (score range 0-41) by Paajanen et al. [12] is based on the summation of all CERAD delayed memory scores (Word List Recall, Word List Recognition and Constructional Praxis Recall); CERAD Total Score suggested by Seo et al. [13] (score range 0-111) is an extended version of the original CERAD Total Score by Chandler et al. [23] and additionally includes the Constructional Praxis Recall score. Moreover, we created a compound score to measure the efficiency of the Word List Learning: Word List Learning Efficiency, the relation of the third Word List Recall to the first recall (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . In addition, we constructed a compound score for Executive Function in CERAD-NB. This score combines the Word List Rehearsal Benefit, Verbal Fluency and Clock-Drawing Test. Although the Clock-Drawing Test is not included to the original CERAD-NB, we had this option as it is an additional test in the Finnish CERAD battery [24] .
Statistical Analyses
The data was entered, and the statistical analyses were conducted using IBM SPSS Statistics version 21.0 for Windows (IBM, Chicago, Ill., USA). The Kolmogorov-Smirnov test was used to test the normality of the variables, and the results for these variables are presented as mean (SD). For other variables, the results are presented as the number of subjects when appropriate. Differences between the two groups were analyzed using the Mann-Whitney U test, whereas differences between several groups were measured using the Kruskal-Wallis test.
Pearson correlation was used to analyze correlations between continuous variables, such as the CERAD-NB subtest values and CSF biomarker concentrations. A two-sided p value of 0.05 was considered the limit of statistical significance.
Statement of Ethics
The study was approved by the Research Ethics Committee of the Northern Savo Hospital District, Kuopio, Finland, and was conducted in accordance with the principles of the Declaration of Helsinki. All subjects agreed to participate in the study, and blood and CSF samples were collected after obtaining a written informed consent from the studied subjects, their legal representatives, or both. Table 1 presents the demographic information, CSF biomarker values and key CERAD test results of the studied subjects. In the total study sample, there was a statistically significant difference in the CSF p-tau (p = 0.006) concentration between sexes but not in CSF Aβ (p = 0.370) and tau (p = 0.120). In AD women, the CSF tau concentration was higher than in men in the same diagnostic group (p = 0.041). Moreover, in the MCI group the CSF concentration of Aβ 1-42 was significantly lower in women than in men (p = 0.036). However, the mean age within diagnostic groups did not differ significantly between men and women (AD: p = 0.576; MCI: p = 0.494; controls: p = 0.174).
Results
Demographic Differences within the Cohort
When evaluating differences between the diagnostic groups including both sexes, the concentration of CSF Aβ 1-42 was found to be significantly lower in the AD group than in the MCI group (p = 0.048). Moreover, the CSF Aβ 1-42 concentration was significantly decreased (p ≤ 0.001), and tau and p-tau concentrations were increased (p ≤ 0.0001) in the AD group compared to the control group.
CSF Biomarker Correlations with Memory Performance in the Total Cohort
When the whole study group was examined, we found a significant association between a low CSF Aβ fig. 2 ).
CSF Biomarker Correlations with Memory Performance in Different Diagnostic Groups
In the MCI group including both sexes, Aβ 1-42 correlated significantly with Word List Delayed Recall (r = 0.540, p = 0.017) and its percentage value (r = 0.639, p = 0.003). In addition, there was a significant negative correlation between Aβ 1-42 and Word List Learning Efficiency (r = -0.483, p = 0.036). Similar correlations could not be found in subjects diagnosed with AD. Moreover, in MCI subjects, Word List Recognition and Memory Total Score were significantly associated with gender: women had considerably lower raw and percentage values in terms of recognition than men (15.4, 76 and 18.5, 93%, respectively; p = 0.001) and statistically a significantly lower Memory Total Score (21.0 and 29.1, respectively; p = 0.042). However, there was no significant correlation between these variables and CSF biomarkers ( table 2 ). In the AD group including both men and women, the CSF tau concentration correlated significantly with the CERAD Total Score (r = 0.512, p = 0.030), Memory Total Score (r = 0.501, p = 0.041) and the Executive Function score (r = 0.446, p = 0.038), and CSF p-tau concentration with the CERAD Total Score (r = 0.505, p = 0.046) ( table 2 ) and the Memory Total Score (r = 0.551, p = 0.033). Interestingly, in this group women performed significantly better than men in Verbal Fluency (14.8 in women and 9.4 in men, p = 0.011) and had a higher Executive Function score (21.0 in women and 12.9 in men, p = 0.019) and CERAD Total Score (62.8 in women and 44.8 in men, p = 0.012) than men.
In controls, most subtests were significantly associated only with age and not the CSF biomarker concentrations, with the exception of Constructional Praxis Recall correlating with CSF p-tau (r = -0.551, p = 0.033) ( table 2 ). There was a statistically significant distinction between several CERAD-NB subtests in AD and MCI subjects. Moreover, the test performance of the AD group differed significantly from the control group: for instance, the Word List Delayed Recall performance was poorer (p = 0.001) in the AD group compared to the controls ( table 1 ) .
Discussion
In women in the total cohort, we found significant associations between the decrease in the CSF Aβ 1-42 concentration and CERAD-NB subtests and compound scores measuring delayed episodic memory. In men, none of the CSF biomarkers correlated with any subtests. The results in this study imply that women in this cohort may have more actual AD pathology reflecting the memory deficit than men, which would support the outcomes of previous studies showing a greater risk for AD in women [25, 26] . Some previous studies have also shown that AD pathology may affect cognitive performance more in women than in men [27, 28] , which may partly explain better correlation between CSF biomarkers and memory tests in women. Men, on the other hand, may have more other causes such as vascular comorbidity and Lewy Body Dementia behind the memory deficit [29, 30] . The CSF biomarker concentrations were more pathologic in women than in men already at baseline ( table 1 ) . One may hypothesize whether this is simply due to the difference in the age distribution between the sexes, as the mean age in women was slightly higher than in men. The mean age in the cohort or within the diagnostic groups, however, showed no significant difference between men and women. In our cohort the correlation was clear, but due to some limitations of our study, the effect of age on results cannot be completely ruled out. De Deyn et al. [31] , among others, have also shown that men would have a higher cognitive reserve at baseline than women, which could explain women's poorer memory performance. Our select cohort from a tertiary memory clinic may also have some effect on the results.
In our cohort, memory compound scores and the Executive Function score in CERAD-NB correlated significantly with CSF tau and p-tau concentration in the AD group, whereas in the MCI group, a similar relationship was found between Aβ 1-42 concentration and Word List Delayed Recall and Word List Learning Efficiency. This would support the hypothesis according to which the CSF Aβ 1-42 concentration changes already early in the course of the disease, while the increase in CSF tau and p-tau concentrations follows later when brain pathology is more pronounced and more severe memory deficits can be seen [8, 18] . Our results are in agreement with some previous studies suggesting a stronger relationship between clinical memory problems and CSF tau than Aβ 1-42 concentration [15] . Moreover, in studies by Herukka et al. [32] and Zetterberg et al. [33] , CSF tau and p-tau concentrations were found to be significantly increased and Aβ 1-42 concentration decreased in subjects with progressive MCI compared to controls and subjects with stable MCI, which also shows the association of these biomarkers with progressive cognitive decline. The significant negative correlation between CSF Aβ 1-42 and Word List Learning Efficiency (r = -0.483, p = 0.036) in MCI subjects, however, is not in agreement with other outcomes of this study and previous literature on the matter. A possible explanation for the aberrant results is the relative small sample size of our study, since especially in the subgroups the number of subjects was limited, making the statistical analyses less reliable. This may also explain the differences in memory performance between the sexes in the AD and MCI groups.
In our cohort, Word List Delayed Recall was found to correlate positively with CSF Aβ 1-42 concentration in women, but no such correlation was seen between its percentage value and CSF Aβ concentration. This may be due to poor overall learning performance on the Word List Immediate Recalls. It has been proven that frontal regions of the brain also affect recall memory [34, 35] . Therefore, if the amyloid pathology is focused in cortical areas in the frontal regions of the brain, learning would become slower and memory retrieval ineffective already at the immediate recall.
The strengths of the study include a clinically relevant, poorly investigated subject, meticulous cognitive examination of the subjects with a validated neuropsychological test battery and quality controlled CSF measurements. Most previous studies on CSF biomarkers have been conducted in academic centers with highly standardized investigation methods, which may cause a bias, since many preanalytical factors may affect the biomarker levels. Thus, it is possible that these studies have overestimated the specificity of the markers in clinical practice of which our study may give a more realistic picture. However, the sample size could have been bigger. In addition, the lack of information about the subjects' APOE-ε4 status and level of education was a limitation in our study, since these factors have been proven to remarkably affect the risk of AD and hence performance in cognitive tests [3] . Furthermore, our data included no depression screening of the subjects, although depression has been shown to have a significant effect on memory performance [36] . Moreover, our data included no information on vascular factors of the subjects, although they have been shown to be associated with cognitive decline [37] . Due to this, further studies are needed on the subject, including the factors previously mentioned, in addition to other diseases and risk factors, in order to gain a more comprehensive insight into the matter.
Conclusions
Results of our cohort imply that CSF biomarkers, particularly Aβ , are associated with the delayed memory performance in CERAD-NB. Moreover, our results suggest that in this cohort women have more actual AD pathology at the time of the investigations than men, who may have other causes behind the memory deficit. In addition, patients with prodromal AD may be distinguished from patients with other memory deficits by evaluating their CSF Aβ concentration and performance in memory tests measuring delayed episodic memory, as may the progression of MCI.
